The effect of fruits and vegetables on urinary stone risk factors.
that the incidence of stone disease dropped in proportion to the increase of potassium in the diet. Most dietary potassium derives from meat, fruits, and vegetables, with an important difference, however, between these foods: whereas meat intake has an acidifying effect due to its high content of sulfuric aminoacids (methionine and cysteine), fruits and vegetables provide mainly an alkali load that increases urinary citrate.
Various studies have shown that, unlike potassium chloride, potassium bicarbonate can reduce urinary calcium excretion in normal subjects [4, 5] and patients with urinary stones [6] . On the other hand, Wabner and Pak [7] were the first to show that, owing to its high content in potassium and citrate, orange juice intake induces a significant increase in urinary citrate excretion in normal males, and in male stone formers with hypocitraturia. Seltzer et al [8] demonstrated that lemon juice has a similar effect to that of orange juice in hypocitraturic calcium stone formers. Moreover, it has been common knowledge for some time that pharmacologic treatment with potassium citrate protects against the formation of stones because it increases urinary citrate and reduces calciuria [9] .
On the basis of such indirect evidence, today calcium stone formers are generally advised to consume fruits and vegetables regularly, and to limit their intake of animal proteins and sodium chloride, the indication of a reduced dietary calcium intake for subjects with idiopathic hypercalciuria being no longer acceptable [10] .
However, to our knowledge, no study has been performed, as yet, on the overall effects of fruits and vegetables as food substances on urinary stone risk profile.
In this paper, we present the results of an in-depth investigation on the effect of fruits and vegetables on urinary stone risk profile in both normal subjects and in calcium stone formers affected by hypocitraturia. The latter group was highly unusual in that its members reported a dietary habit characterized by the avoidance of fruits and vegetables, thus offering a unique opportunity for assessing the effect of fruit and vegetable intake. Food substances and their quantities in the diet with fruits and vegetables and in the diet without fruits and vegetables, which the 12 normal subjects followed for 2 weeks.
a The fresh fruits included: oranges, pineapple, apples, pears, avocado, mango, bananas, apricots, peaches, persimmon, plums, kiwi, melons, water melon.
b The fresh vegetables included: asparagus, broccoli, cauliflower, cucumber, lettuce, onions, radishes, turnip, artichokes, fennel, radicchio, peppers, courgettes, tomatoes, carrots.
METHODS

Clinical trial on normal subjects
Twelve normal subjects with no medical history of stone disease and free from silent stones as per renal ultrasound, were enrolled in the trial [8 males and 4 females; mean age 37.7 (SD 1.8) years; mean body weight 69.0 (13.7) kg; mean height 169.4 (8.0) cm; mean creatinine clearance 113 (18) mL/min].
They had accepted of their own free will to follow a structured diet containing a fairly large quantity of fruits and vegetables for a two-week period, followed by a further two weeks on a diet totally devoid of fruits and vegetables. Each of them was offered a detailed, written explanation on the scope and protocol of the study with the recommendation not to otherwise alter their habits, including water, coffee, and alcohol intake, as well as smoking and physical activity. Table 1 lists the two diets applied in terms of food substances, Table 2 lists them in terms of nutrients. As can be seen from Table 2 , the two diets were superimposable regarding calories, protein, fat, carbohydrate, sodium, chloride, calcium, and phosphorus intake, but differed substantially regarding intake of potassium, magnesium, oxalate, fiber, and water derived from food. Depending on the presence or absence of fruits and vegetables, the two types of diet differed also in the acid load, which we estimated on the basis of the protein and potassium intake, as proposed by Frassetto et al [11] .
Clinical trial on stone formers
We have been conducting a study under the auspices of the Italian Ministry for University Education and Nutrients and their quantities in the diet with fruits and vegetables and in the diet without fruits and vegetables, which the 12 normal subjects followed for 2 weeks. The data were obtained from the composition tables issued in 1997 by the Italian National Institute for Nutrition. The values are based on direct chemical analyses of the foods available in Italian markets.
a The net acid load of the diets was calculated by estimation of the net endogenous noncarbonic acid production, as described by Frassetto et al [11] .
Scientific Research since November 1999 with the aim of evaluating certain genetic aspects of the idiopathic calcium stone disease and hypocitraturia phenotype (urinary citrate ≤1.67 mmol/day on free diet). To this end, to date we have enrolled 193 patients displaying hypocitraturia while on their usual diet. Among these, we found 38 subjects distinguished by a very peculiar dietary habit, namely, an alimentary regimen totally devoid of fruits and vegetables.
We explained to these people that the low quantity of citrate in their urine could be either totally or partially responsible for the formation of kidney stones, and that this could be the consequence of their peculiar dietary habit of never or hardly ever eating fruits and vegetables. We then asked them to participate in a study aimed at verifying whether their metabolic abnormality could be corrected by integrating their diet with suitable amount of fruits and vegetables for one month. Twenty-six of them accepted this proposal [15 males and 11 females; mean age 32 (SD 13.4) years; mean body weight 65.8 (12.7) kg; mean height 166.0 (7.1) cm; mean creatinine clearance 106 (27) mL/min]. Twelve refused, alleging problems of intolerance or allergy to fruits and vegetables. Table 3 lists the food substances used daily to supplement the diet. Since we were dealing with calcium oxalate stone formers, we excluded from the list of recommended fruits and vegetables those particularly rich in oxalate, such as walnuts, hazelnuts, peanuts, almonds, beets, spinach, rhubarb, and parsley.
After a month of such supplementation, the urinary stone risk profile was evaluated again, analyzing the 24-hour urine (including all the parameters already applied to the normal subjects), and for some of these Food substances used for fruit and vegetable supplementation of the diet of the 26 calcium oxalate stone formers found to be hypocitraturic (≤1.67 mmol/day) when following their usual diet, characterized by the almost total exclusion of fruits and vegetables. As a result of this supplementation, the mean additional intake of potassium reached approximately 50 mmol/day, the mean additional intake of water about 730 mL/day. patients, it was possible to repeat these analyses at subsequent check-ups, 1 to 3 years later.
Determination of the urinary stone risk profile
Each participant was given a urine collection set and instructed to collect his (or her) 24-hour urine output twice, both before and after the dietary change, on the same weekday (Sunday). On each micturition, the participant had to divide the urine in two equal aliquots using two graduated cylinders, which were poured into two separate vessels. The first, containing 10 mL of HCl 37%, was used to measure calcium, oxalate, magnesium, phosphorus, sulfate, and creatinine (the aliquot used to measure oxalate was subsequently diluted in boric acid); the second, containing chlorexidine 20%, was used to measure pH, sodium, chloride, potassium, ammonium, citrate, uric acid, and urea.
In accordance with the protocol that we normally use for screening stone formers, described in greater detail elsewhere [12] , we assessed the urinary stone risk profile based on the following urinary parameters: daily volume, pH (pH meter), creatinine (Jaffè method), sodium, potassium calcium, magnesium (atomic absorption spectrophotometry), chloride (electrochemical titration), uric acid (uricase method), sulfate, phosphorus, oxalate (ion-chromatographic technique), citrate (citrate lyase method), urea (urease method), and ammonium (colorimetric method by Berthelot). Using the software program EQUIL 2 [13] , we also calculated the relative saturation for calcium oxalate, calcium phosphate, and uric acid. A relative saturation below 1 indicates undersaturation, above 1 indicates supersaturation. To examine the effect of the change of urinary volume on the modifications of relative saturation of calcium oxalate, calcium phosphate, and uric acid we performed additional calculations after keeping artificially unchanged the urinary volume measured before the diet with fruits and vegetables.
Finally, using the method proposed by Oh [14] , we estimated the net gastrointestinal absorption of alkali on the basis of urinary parameters by the following formula: (Na+K+Ca+Mg) − (Cl+1.8P), where all the electrolytes except phosphate are expressed in mEq.
Statistical analysis
We tested the changes in the urinary stone risk parameters after dietary modifications as continuous variables with the Wilcoxon matched-pairs signed-ranks test, and as categorical variables with the exact McNemar's test for paired data. Relations between continuous variables were examined using Spearman's rank correlation coefficient. We performed all analyses using Stata 8.2 statistical software (StataCorp, College Station, TX, USA). All reported P values were two-tailed. A P value less than 0.05 was regarded as statistically significant. Table 4 reports the data relative to the urinary stone risk profile determined in 12 normal subjects after a twoweek diet containing fruits and vegetables, and a twoweek diet totally devoid of these foods. Compared with the former period, the fruit-vegetable free diet caused a number of significant variations in 24-hour excretion of various urinary solutes, consisting of a decrease of potassium (−62%, P = 0.002), magnesium (−26%, P = 0.002), citrate (−44%, P = 0.003), oxalate (−31%, P = 0.002), and an increase of calcium (+49%, P = 0.002) and ammonium (+12%, P = 0.033). It is interesting to note that the decrease in potassium excretion was proportional (Fig. 1) to the decrease in citrate excretion (r = 0.85, P = 0.001). The volume of urine decreased to the limits of statistical significance. As a consequence, the relative saturation for calcium oxalate and calcium phosphate increased, while that of uric acid did not change, owing to pH and uric acid concentrations remaining relatively stable. Table 4 also reports the net gastrointestinal absorption of alkali, which, after fruit-vegetable withdrawal, decreased as expected.
RESULTS
Clinical trial on normal subjects
As to the changes in the concentration of the same urinary parameters, withdrawing fruits and vegetables decreased urinary K concentration (−56%, P = 0.002) and urinary citrate concentration (−33%, P = 0.015), while it increased urinary calcium concentration (+77%, P = 0.004). Ammonium concentration increased to a level of borderline significance (+34%, P = 0.060). Magnesium and oxalate concentrations also decreased, but the changes were not statistically significant. Figure 2 shows the change in citrate excretion in the individual subjects. Before the dietary change, only two subjects had citrate levels definable as hypocitraturia (citrate excretion ≤1.67 mmol/day), while 8 subjects developed this abnormality after two weeks on the Urinary stone risk profile of the 12 normal subjects after two weeks of the diet with fruits and vegetables and after two weeks of the diet without fruits and vegetables. Data are reported as mean (standard deviation).
fruit-vegetable free diet (P = 0.03). The urinary concentration of citrate also decreased (Fig. 3) . Figures 4 and 5 show the individual response for calcium excretion and concentration, respectively. Two subjects had calcium levels definable as hypercalciuria (above 7.48 mmol/day for males, and 6.24 mmol/day for females) before the dietary change, while 6 subjects developed this abnormality after the two weeks on the fruit-vegetable free diet (P = 0.12). Table 5 reports the urinary stone risk profile determined in the 26 hypocitraturic calcium stone formers while on their spontaneous fruit-vegetable free diet and after one month of supplementation with fruits and vegetables. It is worth noting that sodium intake was rather high in this population, as usually encountered in Parma area. The dietary change was associated with a number of variations consisting of (1) increased 24-hour urinary excretion of potassium (+68%, P < 0.001), magnesium (+23%, P = 0.005), and citrate (+68%, P < 0.001); (2) in- creased urinary volume (+64%, P < 0.001) and pH (from 5.84 to 6.19, P < 0.001); and (3) reduced excretion of ammonium (−18%, P = 0.005). However, in contrast with normal subjects, the correlation between the change in potassium and citrate excretion did not achieve statistical significance (r = 0.30, P = 0.14).
Clinical trial on stone formers
Fruit-vegetable supplementation was associated with a marked increase in the estimated net gastrointestinal absorption of alkali (Table 5) , and a significant decrease in the concentration of all examined urinary analytes, with the exception of potassium and citrate. The decreased concentrations were probably related to the increased water intake with fruits and vegetables, amounting to about 730 mL/day. As a consequence, there was a decrease in the relative saturation of calcium oxalate and uric acid, while that of calcium phosphate remained unchanged due to the pH increase, off-setting the decrease in the concentration of calcium and phosphorus. Recalculation of the relative saturation of lithogenic salts by arbitrarily maintaining unmodified the urinary volume across the dietary changes, offered the possibility to countercheck the importance of urinary volume changes. With this artifice, the relative saturation of calcium oxalate did not significantly change, being 10.17 (SD 5.63) without and 8.91 (4.76) with fruit and vegetables (P = 0.19); in contrast, that of uric acid decreased from 2.78 (1.75) to 1.8 (1.72) (P = 0.014) and that of calcium phosphate increased from 1.05 (0.99) to 2.44 (2.81) (P = 0.001). Figure 6 shows the citrate excretion levels of the individual patients before and after the diet supplemented with fruits and vegetables, and at subsequent annual visits for those patients who were available for further followup at the time of the present study. It may be observed Change in absolute citrate excretion of the 12 normal subjects after two weeks of diet without fruits and vegetables (P = 0.003). Short segments represent the mean at each time point. The dotted line represents the level definable as the limit for "normal" citrate excretion (≤1.67 mmol/day). Two subjects had "abnormal" citrate levels before, and 8 subjects after, the two weeks with the diet (P = 0.03).
that after one month of supplementation with fruits and vegetables, 19 out of the 26 (73%) patients became normocitraturic (P < 0.001), a trend confirmed in the later follow-up.
DISCUSSION
The results of the present study show that withdrawing fruits and vegetables from the diet of healthy subjects causes a decrease in the urinary excretion of potassium, magnesium, citrate, and oxalate, associated with an increase in calcium and ammonium. Such changes increase urine saturation for calcium oxalate and calcium phosphate. Conversely, supplementing the deficient diet of hypocitraturic stone formers with fruits and vegetables does not change the excretion of calcium and oxalate, but it does lead to a significant increase in urinary volume, pH, excretion of potassium, magnesium, and citrate, and a decrease in ammonium excretion. Such changes are associated with a decreased saturation for calcium oxalate and uric acid, mainly due to the marked increase in urinary volume.
In interpreting our findings, some limitations must, however, be acknowledged. First of all, with regard to the protocol, this study did not employ a constant dietary regimen, but was conducted in an ambulatory setting with instructed diets. This approach has the advantage of allowing the assessment of the effects of fruit-vegetable intake in the customary life setting, but has the disadvantage of not allowing the rigorous assessment of dietary compliance. Second, we only collected one single urine specimen for each dietary period for the purposes of assessing the lithogenic risk profile. Opinions differ regarding the adequacy of a single collection in the medical evaluation of urolithiasis [15, 16] . However, in this study the urinary collections were used only for intra-individual comparisons, and they were taken on the Sunday when the subjects involved were not limited by work situations, thereby limiting the sources of error inherent in the single collection. Third, regarding normal subjects, we could not check urinary abnormalities after switching them back to their usual diet. However, we cannot find other explanations, apart from the change in diet itself, for the striking urinary changes we observed. Fourth, in regard to hypocitraturic stone formers, we cannot rule out that the increase in citrate levels might have simply been the result of the "regression to the mean," rather than the effect of the fruit and vegetable intake. We did not set out an appropriate control to enable us to dispense with this phenomenon because Black symbols represent males, white symbols represent females. The two dotted lines represent the level definable as the limit for "normal" calcium excretion (<7.48 mmol/day for males and <6.24 mmol/day for females). Two subjects (1 male, 1 female) had "abnormal" calcium levels before, and 6 subjects (4 males, 2 females) after, the two weeks with the diet (P = 0.12).
we felt this would be unethical. However, we believe that regression toward the mean cannot explain the consistent and sustained increase in citrate levels over the course of the study which is, on the other hand, fully consistent with the improvement in the dietary habits reported by the patients themselves.
A remarkable result of this study is that, after fruitvegetable withdrawal, healthy subjects achieved the citrate and calcium urinary levels typically found in calcium stone formers [17] . It is well known that the most important determining factor for citraturia is the intracellular pH. As the intracellular pH decreases, the tubular reabsorption of citrate increases and its excretion decreases. Conversely, when the pH increases, reabsorption of citrate decreases and its excretion increases [18] . This is an extremely sensitive physiologic process because it is related to the availability of energetic substratum for the cell. In conditions of acid load, the energy requirement of the kidney increases, being satisfied through the use of citrate in Kreb's cycle through mechanisms that have been recently elucidated [19, 20] . On the other hand, several observations support the relation between potassium and citrate excretion. Potassium depletion either experimen- tally induced [21] [22] , or associated with use of thiazide diuretics [23] , causes hypocitraturia. In a cross-sectional study on calcium stone formers, higher potassium excretion was associated with higher citrate excretion [24] . The effect of potassium on citrate might be mediated by changes induced on the intracellular pH. The physiologic relationships between the potassium intake and the acid-base balance in healthy humans have been recently reviewed by Lemann et al [25] .
The two types of diet administered to the healthy subjects in this study differed mainly in the supply of acid load and vegetable potassium. We believe that both factors were probably responsible for the changes in citraturia we observed. The finding of a positive correlation between the absolute changes in potassium and citrate excretion supports this interpretation. However, the increase in ammonium excretion (about + 5 mmol) was less than expected, on the basis of either the estimated increase in acid load [about + 29 mmol (11] )], or the estimated decrease in alkali absorption [about −24 mmol (14)]. Moreover, the ammonium excretion was much less than that predicted on the basis of the results from previous studies dealing with the relationship between dietary potassium intake and net acid excretion [4, [25] [26] [27] . Even though not directly measured in our study, it is unlikely that titrable acidity and bicarbonate could account for CaOx, calcium oxalate; CaP, calcium phosphate; GI, gastrointestinal. Urinary stone risk profile of the 26 calcium oxalate stone formers on their usual diet containing practically no fruits and vegetables, and after one month during which the diet was supplemented with these food substances. Data are reported as mean (standard deviation).
this discrepancy, because we did not observe significant changes in urinary pH, creatinine, and phosphate after fruit-vegetable withdrawal. However, we would like to point out that in the studies quoted above, repletion or depletion of potassium was achieved using potassium salts, and by varying the potassium intake within a much wider range than of the present study.
In the hypocitraturic stone formers, fruit-vegetable supplementation brought about an increase in citrate urinary excretion, as occurred in previous studies supplying orange [7] and lemon juice [8] . Such an effect is to be ascribed to a mechanism similar, though acting in the opposite direction, to that observed in the healthy subjects: in the stone formers the increase in citrate excretion was determined by the decrease in dietary acid load and the increase in dietary potassium supply. An increased supply of preformed citrate with fruits and vegetables might have also contributed.
Two unexpected findings for us regarding hypocitraturic stone formers were the increase in citrate excretion not being proportional to the increase in potassium excretion, and the citrate excretion continuing to rise over time in those patients who were followed-up for more than one month. One likely explanation for both of these findings might be that the patients suffered chronically from a subclinical state of metabolic acidosis and potassium depletion; hence, longer periods of dietary intervention than those set down in our study would probably be required to achieve more substantial changes in citrate excretion. Moreover, the increase in urinary calcium excretion after fruit-vegetable withdrawal can be explained by the increased acid load and the decreased potassium supply attending the dietary changes [4] [5] [6] [26] [27] [28] [29] [30] [31] [32] [33] . In fact, other dietary factors that might have influenced calcium excretion (i.e., dietary intake of calcium, proteins, sodium chloride, and sugars) did not differ across the two dietary regimens. One might also speculate that the marked reduction in oxalate intake might have caused an increased intestinal absorption of calcium through the reduced complexation of calcium by oxalate in the intestinal lumen. For the same reasons, we expected fruit-vegetable supplementation to cause a decrease in calcium excretion in hypocitraturic stone formers, but this effect did not occur. The apparent discrepancy might be explained with the relatively high intake in sodium chloride shown by the urinary excretion of these ions. Lemann et al [27] clearly demonstrated that the amount of sodium chloride in the diet interferes with the changes in calciuria induced by the variations in potassium intake.
Oxalate urinary excretion decreased in the healthy subjects after fruit-vegetable withdrawal, but it did not change in the hypocitraturic stone formers after fruitvegetable supplementation. The finding in the healthy subjects is consistent with the reduction in dietary oxalate intake (from 3.72 to 0.20 mmol/day), while the finding in the stone former is difficult to explain. Even though the supplementation was made using fruits and vegetables with a relatively low oxalate content, nonetheless, the total oxalate dietary intake must have somewhat increased. Since the internal comparison in this group was not based on a structured diet, it is possible that other dietary changes might have subtly occurred, and this could be responsible for this unexpected finding. One such subtle change might have been a reduction in dietary protein intake during the fruit-vegetable supplementation, as suggested by the reduction in urinary sulfates at the limit of statistical significance.
Magnesium urinary excretion was, on the other hand, found to be consistent with the dietary intake, which decreased in the healthy subjects after fruit-vegetable withdrawal, whereas it increased in the hypocitraturic stone formers after fruit-vegetable supplementation, this being a favorable effect in the prevention of calcium renal stones [34] .
Other interesting findings regarding the variations in the saturation of lithogenic salts
In healthy subjects, fruit-vegetable withdrawal produced an increase in the relative saturation for calcium oxalate and calcium phosphate, owing mainly to the increase in calcium concentration and the decrease in citrate concentration, which were only partially counterbalanced by the reduction in oxalate concentration. Given the fact that there were no significant modifications in pH and uric acid concentration, the relative saturation for uric acid did not change.
In the hypocitraturic stone formers, fruit-vegetable supplementation caused a marked reduction in the relative saturation for calcium oxalate and uric acid. These changes, which are very important for their antilithogenic potential, can be interpreted as being mainly due to the marked increment in daily urine volume output. That this favorable effect resulted chiefly from the urinary volume changes, rather than from changes in solute excretion is demonstrated by the recalculation of relative saturation, assuming an unchanged urinary volume across the dietary manipulations. Thanks to this artifice, the favorable effect on urinary relative saturation almost totally disappears with regard to calcium oxalate saturation or appreciably decreases with regard to uric acid. It is likely that the increased urinary volume output was caused by the water intake with fruits and vegetables, amounting to about 700 mL/day above the habitual water intake that the patients were encouraged to maintain. On the other hand, we feel that the increased urinary volume output is unlikely to have been brought about by increased water drinking, because fruits and vegetables tend to attenuate rather than stimulate thirst. Despite the increase in urinary volume output, the relative saturation for calcium phosphate did not decrease, owing to the increase in urinary pH, which is known to markedly affect the urinary saturation for this salt [35] .
CONCLUSION
Fruit and vegetable intake causes a dilution of lithogenic risk factors in the urine without affecting the concentration of potassium and citrate. Withdrawal of fruits and vegetables may expose even healthy subjects to the risk of developing renal calcium stones, whereas supplementing the diet with these food items might be helpful as a preventive measure in hypocitraturic stone formers.
